The air return ratio is a key factor for the overall efficiency of the open volumetric receiver concept. Although first measurements of the air return ratio exist for smaller setups of the open volumetric receiver concept, so far no measurement of the air return ratio has been presented for the Solar Thermal Test and Demonstration Power Plant Jülich (≈ 1.5 MW, ≈ 10 (kg air) /s; ≈ 700
Motivation and Background
Concentrated solar power provides an environmentally friendly and virtually unlimited source of high-temperature heat [9] . This heat can be converted into electricity, stored or used as process heat for industrial processes. Since this process heat can be stored, concentrated solar power is considered to be a stable renewable energy source.
The heat is generated by concentrating sunlight using mirrors onto a solar receiver where the radiant energy is absorbed and transformed into thermal energy. This energy can be transported using various heat transfer fluids and can be stored until further use. Central receiver systems have a high potential due to an increase in the achieved temperature [9] . Additionally, central receiver plants are the most resource-efficient ones [10] . The commonly used thermal fluids in the receiver are saturated or superheated steam and nitrate-based molten salts. In the volumetric receiver concept the irradiation is volumetrically absorbed.
This concept could allow a more efficient solar energy capture and conversion. [9] It was realized at the solar tower Juelich (STJ) in 2008 with a field of 2153 heliostats. These reflect and concentrate the sunlight onto an open volumetric receiver at the top of the 60 meter high solar tower power plant. The receiver consists of a porous ceramic structure of modular design to allow for scalability. It comprises of 1080 absorber modules (see Fig. 1B ) which make up the receiver (see Fig. 1C ). By absorbing the sunlight the front of this receiver is heated to around 700
• C [2] . As heat transfer fluid air is sucked through the absorber modules to transport the thermal energy to a heat exchanger or storage unit. Due to the low heat capacity of air, high air mass flows are required.
To increase efficiency a fraction of the blown out air is sucked in again. This fraction is the substantial air return ratio (ARR) which is defined by Ahlbrink et al. [1] as
Herebyṁ out is the air mass flow blown out in between the absorber cups, andṁ return is the part of this air which is sucked in again into the air circuit. Ideally, the ARR would be 100 %. In addition to the substantial ARR Maldonado Quinto [8] defines a thermal ARR at the receiver surface as
whereby h out,rec is the specific enthalpy of the blown out air, h in,rec of the sucked in air and h amb of the ambient air. The reason for defining ARR thermal is to calculate the overall efficiency of the power plant. A schematic of the air flow within the receiver is shown in Fig. 2 . The points at which the above used enthalpies are defined, are indicated. The thermal ARR and hence especially the specific enthalpies and mass flows are defined at the surface of the receiver. If the small losses of the return air enthalpy due to conduction and gas emission of air are neglected, the thermal ARR turns into the substantial ARR (Eq. 1) [8] . The measurement of this substantial ARR is discussed within this paper.
To improve the receiver efficiency it is important to increase the ARR and therefore minimize the occurring leak within the air circuit. At an receiver air output temperature of 650
• C an improvement from an ARR = 60 % to ARR = 80 % causes an increase in 8 percentage points of the normalized system efficiency [8] . The ARR is so far unknown on a large scale and under solar irradiation. Since it can be influenced by a multitude of measures as for example wind speed and direction, it is of vital importance to be able to measure it [15, 14] .
State of the Art
The development of open volumetric receivers and an overview of measured ARR are given in full by Ávila-Marín [3] . ARR measurements can be conducted by either measuring at the receiver front, or by measuring within the air system.
The most useful ARR measurement for predicting power plant efficiency would be the direct measurement of the thermal ARR thermal according to Eq. 2. To achieve this it would be necessary to measure the complete flow field at the receiver surface (ṁ out,rec,i ,ṁ in,rec,i ) and the temperatures of all air flows at the receiver front to determine h out,rec,i and h in,rec,i .
The air flow field in front of the receiver would have to be measured with very high precision. However, most flow measurement techniques can not be employed on the largescale of solar tower power plants or do not yield quantitative results. The most feasible flow measurement technique is the laser based Particle Image Velocimetry (PIV). It could be applied on such a scale, but the large resulting measurement uncertainties would render the ARR results useless. To measure the flow field locally would require thousands of mass flow measurements. The temperatures of all air flows could also only be measured locally with thousands of thermocouples. Since the receiver front is additionally exposed to highly concentrated solar radiation, this is not realistic.
Instead of measuring the air mass flows and temperatures at the receiver front it could be measured within the air circuit. Assuming that h in,rec = h in , h out,rec = h out , a constant specific heat capacity of air and thatṁ in =ṁ out Figure 4: ARR measurement results at the SOLAIR 3000 receiver. These measurements should only be seen as a rough estimate (see Eq. 4). Based on [12] Eq. 2 could be expressed as
This is consistent with definition of Hoffschmidt et al. [6] . An ARR measurement based on temperature measurements within the air circuit has also been conducted by Téllez et al. [12] at the SOLAIR 3000 receiver. These measurements were performed without solar radiation. The ARR results are shown in Fig. 4 for various air mass flows. This however is not correct since the enthalpy of the sucked in air at the receiver surface (h in,rec,i ) is different from the enthalpy of the air at the absorber outlet (h in,abs,i ) and the receiver outlet (h in ). This results from the heat transfer between the sucked in and blown out air within the receiver [1] leading to
The temperature and flow measurements therefore have to be conducted at the receiver surface with a high spatial resolution. As this is not feasible direct measurements of ARR thermal are impossible. When the receiver is irradiated by solar radiation the heat transfer between the sucked in and blown out air within the receiver becomes even more prominent. Téllez et al. [12] however determine h in using a weighted average of h in,abs,i without measuring the air mass flowsṁ in,rec,i . The results shown in Fig. 4 should hence only be considered a very rough estimate.
The absence of a reliable ARR reference measurement causes computational fluid dynamics (CFD) simulations to be the most important reference. CFD simulations have been conducted and validated using PIV for a model containing one absorber module by Maldonado Quinto [8] . This model was used to calculate the ARR for an irradiated and undisturbed absorber module for various air mass flows, depicted in Fig. 5 .
The simulation boundary conditions are described in [8] . The ARR of the examined system decreases only very slightly with increasing mass flow of the system.
Theory of ARR Measurements
Due to the difficulties measuring ARR thermal , a tracer gas method was used to determine the substantial ARR. Hereby the tracer gas helium is injected and measured in the air flow of the STJ. The development, the validation and the necessary correction functions of the developed tracer gas method are described in more detail in [13] .
The injected helium mass flow is small compared to the air mass flow. Therefore the molar mass of all examined air flows can be considered equal (M return ≈ M out ≈ M amb ). The ARR can hence be written as
withṅ return andṅ out being the molar mass flow of the return air and blown out air, respectively. Furthermore it can approximated thatṅ out =ṅ in . Therefore the mass of air which is stored within the air system can not change significantly in comparison to the examined air mass flow within the investigated time frame. Since this is the case at the STJ and the added helium mass flow is furthermore negligible, the approximation is considered justified. The indicated mole balance combined withṅ out =ṅ in leads toṅ
When regarding the same mole balance for helium it can be expressed aṡ (7) with χ He being the helium mole fraction at different places in the air circuit. The mixing of return and ambient that occurs in front of the receiver is turbulent and therefore the dispersion is much faster than the diffusion. This arises from the different origin of dispersion and diffusion in turbulent flow. Whereas diffusion is caused by the small-scale Brownian motion, the turbulent dispersion is caused by gusts and eddies [4] . Therefore, the diffusion of helium away from the return air towards the ambient can neglected and it can be assumed that χ He,return is equal to χ He,out .
With Eqs. 6 and 7 this results iṅ
Combined with Eq. 5, the ARR can be written as
By measuring χ He,in , χ He,out and χ He,amb the ARR can be calculated, as long as χ He,out = χ He,amb . Helium must be injected into the system to achieve this. The locations of this injection and of the mole fraction measurement are hereby chosen in a way, to assure that both of the following described measurement techniques can be applied. The injection location furthermore improves the mixing of the injected helium by the fan before the next measurement point (see Fig. 6 ).
Static ARR Measurement
The simplest method to determine the ARR is to inject the tracer gas as shown in Fig. 6 . The tracer mole fractions The theoretical helium mole fraction response to a helium injecting with a fixed flow rate and duration is shown for a circular air circuit with ARR = 0.6. The dispersion of helium in the system is ignored. Based on Tiddens et al. [13] .
χ He,out and χ He,in are measured at measuring point 1 and 2, respectively. Combined with the ambient helium mole fraction χ He,amb the ARR can be calculated by applying Eq. 9. Before measuring the ARR, it has to be examined if the helium mole fraction distribution across the cross section of the piping at both measuring points is homogeneous. This is necessary to allow single point sampling and is therefore a prerequisite of the static tracer gas measurement. For the static ARR measuring method two measuring points with homogeneous tracer distributions are required. This could be difficult at the STJ for measuring point 2, since it can only be located very close to the receiver. Therefore, the homogeneity of the tracer within the air circuit at this point is uncertain and has to be confirmed by measurement (see Sec. 6).
Dynamic ARR Measurement
Since the air system is of a circular nature, it is possible to determine the ARR using only one measuring point when measuring dynamically. Helium is therefore injected with a fixed flow rate and duration into the air system. The resulting helium mole fraction response over time is measured at measuring point 1. For the static measurement the helium mole fraction is measured at equilibrium. In contrast to this, the transient mole fraction curves are considered and the entire mole fraction curve is fitted for the dynamic measurement. The chosen measuring point 1 is located directly behind the blower. Here the mole fraction of helium across the cross section of the piping is most likely homogeneous. The disadvantage of the dynamic measuring method is that its measurement procedure and the evaluation of the data is more complex compared to the static measurement. In Fig. 7 the theoretical mole fraction response to a helium injection with a fixed flow rate and duration is shown if dispersion of helium is ignored. The helium mole fraction of the leading edge increases until its maximum is reached at equilibrium. The trailing edge is caused by the end of helium injection. The helium mole fraction decreases every period length T circ by the factor ARR. The distinguished mole fraction steps in Fig. 7 disappear during measurement due to dispersion. The trailing curve can be described by
since every circulation period the helium mole fraction is reduced by the factor ARR. Both leading and trailing edge must have the same amplitude A. Additionally, the helium mole fraction of the leading edge is increasing with the same ARR as the trailing edge. The helium mole fraction response of the leading edge can hence be described by the following exponential growth function
To determine the ARR, the functions of the leading and trailing edge must be fitted to the measurement data, with the ARR as the only unknown parameter in Eqs. 10 and 11. To achieve this, first the amplitude is removed by normalization. Furthermore, the circulation period T circ must be measured. It can be measured by injecting helium with a short duration into the air circuit and measuring the helium mole fraction response. The time between two measured mole fraction peaks caused by the same injected helium, is the circulation period. Since measuring dynamically, the dynamic error of the measurement setup must corrected for. This is necessary since the measurement setup does not have an ideal transfer function. The dynamic error is corrected by multiplying the measured ARR with the dynamic error correction term cor dyn . This correction term is described in detail in [13] .
Solar Tower Juelich
The Solar Thermal Test and Demonstration Power Plant Juelich (STJ) was built as a demonstration as well as research power plant in 2008 by a consortium consisting of the German Aerospace Center (DLR), Solar Institute Jülich, Kraftanlagen München GmbH and Stadtwerke Jülich. It was taken over by the DLR in 2011. [7] In Fig. 8 a photo of the 60 meters high solar power tower is depicted. The main receiver (A) as well as the Testreceiver (C) can be seen. These two receivers can be irradiated by reflecting and concentrating sunlight with 2153 heliostats onto their surface. The heliostats make up a combined total surface of nearly 18000 m 2 [5] . Their back structure can be seen in (D).
The main receiver covers a surface area of around 22 m 2 . It has the shape of a section of a cylinder and is inclined downwards towards the heliostats. It consists of 1080 ceramic absorber modules through which air is sucked in and heated to a temperature of about 680
• C. This hot air can be sucked through the thermal storage system consisting of a large vessel filled with porous ceramic bricks or directly through the steam boiler. The steam is generated in a heating tube boiler, which is further used to drive a turbine and produce electricity [7] . After passing the thermal storage or the steam boiler, the air is returned to the receiver front. Here it is blown out through the gaps between the absorber modules. This is depicted schematically in Fig. 3 .
A schematic summary of the functionality of the STJ is shown in Fig. 9 . Figure 10 : Schematic of the measurement probe at measuring point 2 which incorporates the injection of helium. The inner probe (A) is held in place by its support structure (B,C). By moving this inner probe a sample can be extracted towards the mass spectrometer at discrete locations along the cross section of the piping of the STJ.
For the ARR measurements the STJ has been operated in a mass flow controlled mode. The air mass flow is measured using an ultrasonic flow meter (GE Sensing, Digital Flow) and controlled varying the speed of the fan. Since the STJ is mainly designed for research, a large number of thermocouples measure the temperature within the air circuit of the STJ.
Setup
To measure the helium mole fraction at the measuring points, gas samples must be extracted. Probes have been constructed and built allowing the extraction and the measurement of the helium mole fraction distribution along the cross section of the piping. By moving the inner probe within its support structure, the position of the opening of the probe can be moved to discrete locations along the cross section of the piping of the STJ. This is necessary to determine if point sampling at the measuring point is adequate. The helium injection was incorporated into the measuring probe at measuring point 2 which is shown in Fig. 10 . In Fig. 11 the probe shown in Fig. 10 can be seen in an assembled state (red probe) within the piping of the STJ. The setup allows air/helium samples to be extracted at 30 discrete measurement locations along the crosssection of the piping at both measuring points. The location of sample extraction can be altered during operation of the power plant. The helium injection is facing away from the extraction probes in the direction of the air flow. The probes furthermore include mounts for the thermocouples (D). The inner insulation of the piping of the STJ is not shown.
Results
To verify if the tracer gas measurements are suitable for the application at the STJ first the homogeneity of the tracer gas has to be examined. 
Homogeneity at Measuring Points
To examine the homogeneity at measuring point 1 a measurement with an ARR of zero was conducted. This was achieved by blowing the air out through a vent in the STJ which is located between the measuring point 1 and the receiver. Only small deviations of the mean ARR of 1.4 % were found (see Fig. 12 ). Therefore, a centrally extracted mole fraction represents the mean of the cross section, allowing point sampling. The measurements at measuring point 2 shown in Fig. 13 however show large fluctuations with a standard deviation of 9.7 %. The static measurement however requires a homogeneous helium distribution across the piping at both measuring points, and hence cannot be applied at the STJ. The static measurement was used to validate the dynamic method which is covered in [13] . Since the dynamic method only requires one measurement point it can be applied at the STJ. Before each ARR measurement, the circulation period must be measured, as it changes with the air mass flow.
Circulation Period
To determine the circulation period, helium was injected into the air system of the STJ. It was found that an injection time of 10 s results in the strongest signal to noise ratio. It was therefore measured for each ARR measurement individually. Figures 14 and 15 show the helium mole fraction of two circulation period measurements. The measurements were performed at an air mass flow of 5 kg/s and 10 kg/s, respectively. The two shown exemplary measurements were conducted without irradiation of the receiver. The circulation period was found to be T circ = (52.5 ± 2.5) s and T circ = (25.4 ± 1.4) s, respectively. All circulation period measurements are conducted for 120 s for evaluation reasons. The duration of 120 s was chosen to enable the passing of two peaks at the lowest examined air mass flow. This is the reason why a third peak can be detected in the helium mole fraction in Fig. 15 . Since this peak however has a low signal to noise ratio it is not considered during the calculations. The circulation measurement is repeated more often (5 times) than the dynamic measurements (3 times) since the time of 120 s per measurement is short compared to the typical measurement time of the dynamic method.
Measurements without Irradiation
Figure 16 depicts a typical helium mole fraction curve of the dynamic ARR measurement without the presence of radiation. The trailing and leading edge of this helium mole fraction data is fitted according to Eqs. 10 and 11, respectively. Only small deviations from the measured helium mole fraction data (χ He,meas,norm ) are observed.
The measured values were corrected for the dynamic error of the measurement setup. The corrected values of the ARR meas,dyn were found to be (51.3 ± 0.8) % and (67.7 ± 0.5) % at air mass flows of (4.98 ± 0.03) kg /s and (9.96 ± 0.04) kg /s, respectively. The measurements were conducted for an average return air temperature of (18.0 ± 1.2)
• C and (18.9 ± 0.6) • C. The average wind speed was (4.8 ± 2.0) m /s and (3.2 ± 1.5) m /s. These results as well as Figure 16 : Measured and fitted helium mole fraction of the dynamic method is shown over time. The measurement was conducted without the presence of radiation. It was performed at an air mass flow of (9.96 ± 0.04) kg /s. Table 1 .
Measurements with Irradiation
The ARR under irradiation of the main receiver was found to be (56.3±1.0) % and (68.6±0.7) % for an air mass flow of (4.96 ± 0.07) kg /s and (9.94 ± 0.04) kg /s, respectively. These measurements were performed at an average return air temperature of (159.6 ± 18.2)
• C and (103.6 ± 2.6) • C. An average wind speed of (7.5 ± 2.7) m /s was recorded for the first measurement. No wind data was available for the second measurement. These results are shown in Table 2 . Figure 17: The measured and fitted helium mole fraction of the dynamic method is shown over time. It was conducted with an irradiated receiver at an air mass flow of (4.96 ± 0.07) kg /s. The helium mole fraction data shows large deviations from the fit.
Fluctuating Air Return Ratio
The difference between the applied fits and the mole fraction curves of the displayed results is very small. However, some measured mole fraction curves measured showed large deviations between the shape of the analytically derived curve. These were conducted at different operational parameters and the ARR results are not presented in this paper. Fig. 17 however shows the helium mole fraction of such a measurement over time with large deviations from the fit. Due to the low temporal resolution of the analytical method, these fluctuations can not be resolved. A method in which the ARR for each individual helium mole fraction data point is calculated numerically could in future allow a higher temporal resolution.
Discussion and Conclusion
The main goal of this paper is the measurement of the ARR at the STJ. The ARR depends on many variables such as wind, geometry of the receiver design and operational mode. The ARR of the STJ was prior to this work unknown.
The STJ is a difficult measurement environment due to surface temperatures of up to 1000
• C and large open air mass flows of around 10 kg /s.
The thermal ARR is not directly measurable, because all necessary temperature and flow measurements would have to be conducted at the surface of the receiver with a high spatial resolution. Instead the substantial ARR is measured within this paper. This is possible since the return air flow in front of the receiver is turbulent. Therefore the diffusion of helium and thermal conduction effects become negligible. The substantial ARR can hence be assumed to be equal to the thermal ARR.
To achieve this, it was decided to use a tracer gas method. Hereby the environmentally friendly tracer gas helium is injected into the air flow. The ARR can be determined by measuring the reduction of the injected tracer occurring at the receiver front.
The goal was to achieve an ARR measurement with very high accuracy. This goal was reached as apparent from the very small minimal uncertainties of ±0.5 %.
So far the ARR of open volumetric receivers was often assumed and measured to be up to 60 % [14, 3] . The measured ARR meas,dyn at the STJ of (68.5 ± 0.7) % is higher than this expected value. Maldonado Quinto [8] has shown, that this difference corresponds to an increase of the expected overall system efficiency of 4 − 5 %, making the open volumetric receiver concept more promising. The measurement performed under irradiation resulted in contrast to expectations in a slightly larger ARR.
Téllez et al. [12] measured a positive correlation between ARR and air mass flow. Although these measurements by Téllez et al. [12] should only be seen as a rough estimate, the ARR at the STJ is strongly dependent on the air mass flow and confirms this trend. The ARR without irradiation increased by 16 % when increasing the air mass flow from 5 kg /s to 10 kg /s. The ARR of an irradiated receiver increased by 12 % for the same air mass flow increase from 5 kg /s to 10 kg /s. These findings are based on four measurements only and can therefore not be separated from other sources of influence as for example wind.
Outlook
The ARR must be increased to improve the open volumetric receiver concept. Wind is suspected to have a significant influence on the ARR since losses due to ARR < 1 occur in front of the receiver. To allow correct annual efficiency predictions for potential power plant locations, knowledge of the influence of wind on the ARR is crucial, since the occurring wind speed differs strongly between locations. Especially for constructing power plants with taller tower heights, this is important as they are exposed to higher wind speeds. Therefore, the developed measurement techniques should henceforth be used to examine the influence of wind on the ARR.
The newly developed ARR measuring technique is currently be used to investigate the external air return system which was installed at the STJ. Hereby only a fraction of the returned air is blown out through the gaps between the absorbers. The separated fraction of the return air is brought in front of the receiver from the bottom and the sides. Maldonado Quinto [8] predicts from simulations an increase in the ARR to about 80 % for this external air return. The necessary ARR measurement to validate this have already been performed and will be covered within Stadler et al. [11] .
